INTRODUCTION
============

Prenatal environmental conditions affect the development of the fetus. Various physical and emotional stresses during pregnancy induce neonatal abnormalities and delay the development of motor function in the offspring \[[@B1],[@B2]\]. In late gestation, the fetus can hear sounds from outside the mother \[[@B3]\].

Music affects the development of biological systems \[[@B4],[@B5]\]. Listening to music enhances learning ability and cognitive function \[[@B6]\], reduces blood pressure \[[@B7]\], and ameliorates symptoms of epilepsy, Parkinson disease, and senile dementia \[[@B8]-[@B10]\]. Exposure to music during pregnancy enhances the brain development of the fetus, improves spatial-temporal learning in neonatal rats, and induces rapid advances in motor ability such as sitting and walking in infants \[[@B6],[@B11]\].

In contrast, noise is a devastating environmental stress that affects pregnant mammals and their fetuses. Noise causes psychological and psychosomatic problems \[[@B12]\], decreases newborn body weight, and induces stillbirths, fetal teratogenesis, and abortion \[[@B13],[@B14]\]. Exposure to noise during pregnancy may disturb postnatal brain development and may also impair cognitive function \[[@B15]\].

The cerebral cortex is the outermost sheet of neural tissue in the cerebrum. The cerebral cortex plays a key role in memory, attention, perceptual awareness, thought, language, and consciousness. It is divided into the somatosensory, motor, and association cortex. The somatosensory cortex receives sensory inputs; meanwhile, the motor cortex controls the movement of muscles. In general, the somatosensory cortex is thinner and the motor cortex is thicker \[[@B16]\]. The cerebral cortex, including the motor and somatosensory cortex, is composed of six layers. Layer I (molecular layer) is composed mostly of fibers. Layer II (external granule layer) is very dense and contains small granular cells and small pyramidal cells. Layer III (external pyramidal layer) contains pyramidal cells arranged in row formation. Layer IV (internal granule layer) is thin, but its cell structure is the same as that of the external granular layer. Layer V (internal pyramidal layer) contains small granular cells, large pyramidal cells, as well as the cell bodies of some association fibers. The association fibers that originate here form two large tracts. Layer VI is also known as the multiform layer. The individual layers in the cerebral cortex have different roles and are of varying thickness.

Previously, the impact of music and noise during pregnancy on the offspring\'s learning ability in relation to hippocampal neurogenesis was reported \[[@B17]\]. However, the influence of music and noise during pregnancy on neurogenesis and thickness in the motor and somatosensory cortex has not been described. In the present study, we investigated the effects of music and noise during pregnancy on neurogenesis and thickness in the motor and somatosensory cortex of rat pups.

MATERIALS AND METHODS
=====================

Animals
-------

The experimental procedures were performed in accordance with the guidelines of the National Institutes of Health and the Korean Academy of Medical Sciences. Sprague-Dawley male rats (250±10 g, 12 weeks old) and Sprague-Dawley female rats (180±10 g, 8 weeks old) were used in this study. Female rats (n=20) were allowed to mate with male rats (n=20) for 24 hours. One day after mating, the female rats were separated from the male rats and housed individually in plastic cages at a controlled temperature (20℃±2℃) and a light-dark cycle of 12 hours of light and 12 hours of darkness (lights on from 0700 to 1900). Food and water were made available *ad libitum*.

After confirmation of pregnancy on day 14 after mating, the pregnant rats were randomly divided into three groups: the control group, the music-applied group, and the noise-applied group (n=5 in each group). From the 15th day of pregnancy until delivery, all pregnant rats were subcutaneously injected with 100 mg/kg 5-bromo-2\'-deoxyuridine (BrdU; Sigma Chemical Co., St. Louis, MO, USA) once per day 30 minutes before the start of the experimental treatment until delivery. The pregnant rats in the music-applied group were exposed to 65 dB of comfortable music for 1 hour, once per day until delivery. The pregnant rats in the noise-applied group were exposed to 95 dB of sound from a supersonic sound machine for 1 hour, once per day until delivery. The pregnant rats in the control group were left undisturbed. After birth, the offspring were left undisturbed together with their mothers. The rat pups were sacrificed at 21 days after birth.

Tissue Preparation
------------------

Brain tissue was prepared according to a previously described method \[[@B18]\]. The animals were fully anesthetized with Zoletil 50 (10 mg/kg, intraperitoneally; Vibac Laboratories, Carros, France), transcardially perfused with 50 mM phosphate-buffered saline (PBS), and fixed with freshly prepared solution consisting of 4% paraformaldehyde in 100 mM phosphate buffer (pH 7.4). The brains were then removed, postfixed in the same fixative overnight, and transferred into a 30% sucrose solution for cryoprotection. Coronal sections of 40 µm thickness were made by using a freezing microtome (Leica, Nussloch, Germany).

Immunohistochemistry for BrdU
-----------------------------

For the detection of newly generated cells in the cerebral cortex (including the motor cortex and the somatosensory cortex), BrdU immunohistochemistry was performed as previously described \[[@B17],[@B19]\]. The sections were permeabilized by incubating them with 0.5% Triton X-100 in PBS for 20 minutes, treated with 50% formamide, 2× standard saline citrate at 65℃ for 2 hours, denatured in 2N HCl at 37℃ for 30 minutes, and then rinsed twice in 100 mM sodium borate (pH 8.5). Subsequently, the sections were incubated overnight at 4℃ with BrdU-specific mouse monoclonal antibody (1:600; Roche, Mannheim, Germany). The sections were then washed three times with PBS and incubated for 1 hour with a biotinylated mouse secondary antibody (1:200; Vector Laboratories, Burlingame, CA, USA). Then, the sections were incubated for another 1 hour with avidin-peroxidase complex (1:100; Vector Laboratories). For the visualization of BrdU, the sections were incubated with 50 mM Tris-HCl (pH 7.6) containing 0.02% 3,3\'-diaminobenzidine tetrahydrochloride (DAB) containing nickel chloride (40 mg/mL) and 0.03% hydrogen peroxide for 5 minutes. After BrdU-specific staining, counter-staining was performed on the same sections by using a mouse antineuronal nuclei antibody (1:300; Chemicon International, Temecula, CA, USA). The sections were washed three times with PBS, incubated for 1 hour with a biotinylated antimouse secondary antibody, and processed with the VECTASTAIN ABC Kit (Vector Laboratories). For staining, the sections were reacted with 0.02% DAB and 0.03% hydrogen peroxide in 50 mM Tris-HCl (pH 7.6) for 5 minutes, and the sections were finally mounted onto gelatin-coated slides. The slides were air dried overnight at room temperature, and coverslips were mounted by using Permount (Fisher Scientific, Bridgewater, NJ, USA).

Data Analysis
-------------

All data were analyzed by using the SPSS ver. 12.0 (SPSS Inc., Chicago, IL, USA). The data were expressed as the mean± standard error of the mean. For comparison among groups, one-way analysis of variance and Duncan post hoc test were performed and differences were considered statistically significant at P\<0.05.

RESULTS
=======

Influence of Prenatal Music and Noise on Neurogenesis in the Motor Cortex of Rat Pups
-------------------------------------------------------------------------------------

The number of BrdU-positive cells in motor cortex layer I was 15.08±2.05 in the control group, 16.29±2.38 in the music-applied group, and 11.29±1.52 in the noise-applied group. The number of BrdU-positive cells in motor cortex layers II and III was 168.00±11.44 in the control group, 195.97±17.18 in the music-applied group, and 86.04±16.30 in the noise-applied group. The number of BrdU-positive cells in motor cortex layer IV was 51.00±4.53 in the control group, 71.32±7.20 in the music-applied group, and 35.86±6.62 in the noise-applied group. The number of BrdU-positive cells in motor cortex layer V was 52.08±6.16 in the control group, 99.97±16.25 in the music-applied group, and 58.46±7.77 in the noise-applied group. The number of BrdU-positive cells in motor cortex layer VI was 85.39±10.43 in the control group, 103.24±14.06 in the music-applied group, and 68.11±18.00 in the noise-applied group. The total number of BrdU-positive cells in the motor cortex was 371.56±29.29 in the control group, 486.79±47.21 in the music-applied group, and 259.75±43.98 in the noise-applied group.

Application of music to pregnant rats increased neurogenesis in the motor cortex of rat pups (P\<0.05). In contrast, application of noise to pregnant rats reduced neurogenesis in the motor cortex of rat pups (P\<0.05) ([Fig. 1](#F1){ref-type="fig"}).

Influence of Prenatal Music and Noise on Layer Thickness in the Motor Cortex of Rat Pups
----------------------------------------------------------------------------------------

The thickness of motor cortex layer I was 0.175±0.022 mm in the control group, 0.138±0.034 mm in the music-applied group, and 0.124±0.038 mm in the noise-applied group. The thickness of motor cortex layers II and III was 0.308±0.012 mm in the control group, 0.310±0.012 mm in the music-applied group, and 0.279±0.007 mm in the noise-applied group. The thickness of motor cortex layer IV was 0.185±0.008 mm in the control group, 0.154±0.007 mm in the music-applied group, and 0.148±0.009 mm in the noise-applied group. The thickness of motor cortex layer V was 0.283±0.009 mm in the control group, 0.272±0.002 mm in the music-applied group, and 0.251±0.007 mm in the noise-applied group. The thickness of motor cortex layer VI was 0.328±0.011 mm in the control group, 0.329±0.013 mm in the music-applied group, and 0.314±0.009 mm in the noise-applied group. The total thickness of the motor cortex was 1.277±0.034 mm in the control group, 1.204±0.034 mm in the music-applied group, and 1.116±0.018 mm in the noise-applied group.

Application of music to pregnant rats exerted no significant effect on the motor cortex thickness of the rat pups (P\<0.05). In contrast, application of noise to pregnant rats decreased thickness in the motor cortex of rat pups (P\<0.05) ([Fig. 1](#F1){ref-type="fig"}).

Influence of Prenatal Music and Noise on Neurogenesis in the Somatosensory Cortex of Rat Pups
---------------------------------------------------------------------------------------------

The number of BrdU-positive cells in somatosensory cortex layer I was 21.33±2.17 in the control group, 28.37±4.20 in the music-applied group, and 18.71±3.41 in the noise-applied group. The number of BrdU-positive cells in somatosensory cortex layers II and III was 317.22±27.98 in the control group, 403.74± 35.44 in the music-applied group, and 232.14±54.85 in the noise-applied group. The number of BrdU-positive cells in somatosensory cortex layer IV was 98.94±10.88 in the control group, 127.00±14.26 in the music-applied group, and 98.93± 18.41 in the noise-applied group. The number of BrdU-positive cells in somatosensory cortex layer V was 82.67±8.99 in the control group, 156.63±22.51 in the music-applied group, and 112.21±20.16 in the noise-applied group. The number of BrdU-positive cells in somatosensory cortex layer VI was 140.56± 17.67 in the control group, 210.53±35.48 in the music-applied group, and 123.14±27.51 in the noise-applied group. The total number of BrdU-positive cells in the somatosensory cortex was 660.72±58.90 in the control group, 926.26±93.44 in the music-applied group, and 585.14±110.63 in the noise-applied group.

Application of music to pregnant rats increased neurogenesis in the somatosensory cortex of rat pups (P\<0.05). In contrast, application of noise to pregnant rats reduced neurogenesis in the somatosensory cortex of rat pups (P\<0.05) ([Fig. 2](#F2){ref-type="fig"}).

Influence of Prenatal Music and Noise on Layer Thickness in the Somatosensory Cortex of Rat Pups
------------------------------------------------------------------------------------------------

The thickness of somatosensory cortex layer I was 0.141±0.006 mm in the control group, 0.129±0.006 mm in the music-applied group, and 0.103±0.007 mm in the noise-applied group. The thickness of somatosensory layers II and III was 0.294±0.009 mm in the control group, 0.318±0.015 mm in the music-applied group, and 0.295±0.013 mm in the noise-applied group. The thickness of somatosensory cortex layer IV was 0.215± 0.009 mm in the control group, 0.169±0.008 mm in the music-applied group, and 0.178±0.015 mm in the noise-applied group. The thickness of somatosensory cortex layer V was 0.297±0.007 mm in the control group, 0.273±0.012 mm in the music-applied group, and 0.261±0.009 mm in the noise-applied group. The thickness of somatosensory cortex layer VI was 0.359±0.016 mm in the control group, 0.351±0.018 mm in the music-applied group, and 0.305±0.013 mm in the noise-applied group. The total thickness of the somatosensory cortex was 1.305± 0.023 mm in the control group, 1.241±0.035 mm in the music-applied group, and 1.142±0.049 mm in the noise-applied group. Application of music to pregnant rats exerted no significant effect on thickness in the somatosensory cortex of rat pups (P\< 0.05). In contrast, application of noise to pregnant rats decreased thickness in the somatosensory cortex of rat pups (P\<0.05) ([Fig. 2](#F2){ref-type="fig"}).

DISCUSSION
==========

The development of the fetus is beset by a complex set of environmental influences. It is generally accepted that music is an effective strategy for prenatal education. Rapid development of motor ability, such as sitting and walking, has been observed in infants exposed to music during pregnancy \[[@B20]\]. Exposure to music during pregnancy has also been shown to facilitate fetal growth and brain development \[[@B21]\]. In chicks, exposure to prenatal music enhances synaptic protein expression in the brainstem auditory nuclei and increases the size and the number of neurons in the forebrain auditory association area \[[@B11]\]. Exposure to music during pregnancy in rat pups increases hippocampal neurogenesis and then enhances their spatial learning ability \[[@B17]\].

In the present results, exposure to music during pregnancy increased neurogenesis in the motor and somatosensory cortex of rat pups. In detail, the music increased neurogenesis of layer IV and layer V in the motor cortex and of layer V in the somatosensory cortex. Music exerted no significant effect on layer thickness in the motor or somatosensory cortex.

Prenatal stresses are known to influence brain development and behavior in the affected fetuses \[[@B1]\]. Exposure to noise during pregnancy retards postnatal brain development and also impairs cognitive function \[[@B15]\]. Prenatal stresses during pregnancy induce retardation of growth and impaired proliferation and differentiation of neurons \[[@B22]\]. These results induce deficits in cognitive function with neurological and behavioral abnormalities of offspring \[[@B2]\]. Children born from mothers under stress during pregnancy have a higher risk of developing sensorineural hearing loss \[[@B23]\]. Prenatal stress is closely associated with cognitive, behavioral, physical, and emotional problems \[[@B24]-[@B27]\]; autism \[[@B28],[@B29]\]; and attention-deficit hyperactivity disorder \[[@B30],[@B31]\]. Exposure to noise during pregnancy causes growth retardation, decreases neurogenesis in the hippocampus, and impairs spatial learning ability in rat pups \[[@B17]\].

In the present results, exposure to noise during pregnancy showed decreased neurogenesis and thickness in the motor and somatosensory cortex. In detail, noise decreased neurogenesis in layers II and III, layer IV, and layer V of the motor cortex and in layers II and III and layer IV of the somatosensory cortex. Noise also decreased layer thickness in layer I, layer IV, and layer V of the motor cortex and in layer I, layer IV, and layer V of the somatosensory cortex.

According to this study, neurogenesis and thickness were increased in the motor and somatosensory cortex of rat pups born from maternal rats exposed to music during pregnancy. By contrast, neurogenesis and thickness were decreased in the motor and somatosensory cortex of rat pups born from the maternal rats exposed to noise during pregnancy. It is known that adverse prenatal and early postnatal environment increase susceptibility to renal and metabolic dysfunction later in life \[[@B32]\]. Our study suggests that music and noise during the developmental period are important factors influencing brain development and urogenital disorders.
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![Influence of prenatal music and noise on neurogenesis and thickness in the motor cortex of rat pups. Upper: (A) Representation of the examined motor cortex (open square at the dorsomedial portion of the cortex), (B) control group, (C) music-applied group, (D) noise-applied group. The scale bar in A is 25 µm and the scale bar in B-D is 100 µm. Middle: Neuronal populations in each cortical layer of the motor cortex. Lower: Thickness in each cortical layer of the motor cortex. The data present the mean±standard error of the mean. WM, white matter. ^\*^P\<0.05 compared with the control group. ^†^P\<0.05 compared with the music-applied group.](inj-17-107-g001){#F1}

![Influence of prenatal music and noise on neurogenesis and thickness in the somatosensory cortex of rat pups. Upper: (A) Representation of the examined somatosensory cortex (open square at the dorsolateral portion of the cortex), (B) control group, (C) music-applied group, (D) noise-applied group. The scale bar in A is 25 µm and the scale bar in B-D is 100 µm. Middle: Neuronal populations in each individual cortical layer of the somatosensory cortex. Lower: Thickness in each individual cortical layer of the somatosensory cortex. The data present the mean±standard error of the mean. WM, white matter. ^\*^P\<0.05 compared with the control group. ^†^P\<0.05 compared with the music-applied group.](inj-17-107-g002){#F2}
